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A colorimetric nitrite detection system with 
excellent selectivity and high sensitivity based 
on Ag@Au nanoparticles} 


Tianhua Li,t”” Yonglong Li,£?° Yujie Zhang,? Chen Dong,? Zheyu Shen*? and 
Aiguo Wu*? 


Excessive uptake of NO27 is detrimental to human health, but the currently available methods used to 
sensitively detect this ion in the environment are cumbersome and expensive. In this study, we developed 
an improved NO2 detection system based on a redox etching strategy of CTAB-stabilized Ag—Au core- 
shell nanoparticles (Ag@AUNPs). The detection mechanism was verified by UV-Vis spectroscopy, TEM and 
XPS. The detection system produces a color change from purple to colorless in response to an increase 
of NO2 concentration. The selectivity of detection of NO727, both with the unaided eye and by measure- 
ment of UV-Vis spectra, is excellent in relation to other ions, including Cu2*, Co**, Ni2*, Cr>*, AG*, Pb?*, 
Cd**, Ca**, Bat, Zn?*, Mn?*, Mg?*, Fe®*, Hg?*, Ag*, K*, F7, PO4*7, C204%, SO3*7, COs*7, SO477, NO37 
and CH3-COO™ (Ac). The limit of detection (LOD) for NO2 is 1.0 uM by eye and 0.1 uM by UV-Vis spec- 
troscopy. The LOD by eye is lower than the lowest previously reported value (4.0 pM). There is a good 
linear relationship between A/Ao and the concentration of NO2 from 1.0 to 20.0 pM NO7, which 
permits a quantitative assay. The applicability of our detection system was also verified by analysis of NO27 
in tap water and lake water. The results demonstrate that our Ag@AUNP-based detection system can be 
used for the rapid colorimetric detection of NO27 in complex environmental samples, with excellent 


selectivity and high sensitivity. 


1. Introduction 


Nitrite ion (NO, ) is an essential inorganic nitrogen-contain- 
ing nutrient used, alongside NH," and NO;,, in fertilizers to 
promote the growth of plants.” It is also widely used in the 
food preservation industries. However, excessive uptake of 
NO, is detrimental to human health and may cause stomach 
cancer; moreover, NO, reacts with amines, resulting in the 
formation of nitroso compounds, and it reacts with oxyhemo- 
globin to produce methemoglobin irreversibly in the blood 
stream, thereby interfering with oxygen transport in the blood 
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and causing methemoglobinemia.* ® It is of great importance 
to determine the concentration of NO,” in food, the environ- 
ment, urine and other biological samples. Much effort has 
been devoted to such NO, detection, including by the use 
of fluorophores,”® ion chromatography” and electro- 
chemistry.” ” Their limits of detection (LODs) are lower than 
the NO,” toxicity level (1 ppm, 21.7 uM), which is defined for 
drinking water by the U.S. Environmental Protection Agency 
(US EPA).’* However, the existing analytical methods referred 
to above usually require expensive equipments, and the 
sample preparation processes are complicated, time-consum- 
ing and unsuitable for on-site analysis. Therefore, the develop- 
ment of a facile and inexpensive analytical method for 
detecting NO, is urgently demanded. 

Fluorescent and colorimetric sensors have aroused wide- 
spread interest during the past two decades.”** *” Gold nano- 
particles (AuNPs), which possess a high molar extinction 
coefficient and high stability, have been extensively applied in 
colorimetric assays for the detection of NO, in food or waste 
water.'° "° For example, Mirkin et al. designed two kinds of 
functionalized AuNPs to detect NO)”, in a method based on 
the Griess reaction.’® Xiao et al. reported a non-crosslinking 
colorimetric NO, sensor with an LOD for NO, of 20 uM 
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based on a deamination reaction induced by NO, , which 
resulted in aggregation of the gold nanorods.*” However, these 
colorimetric sensors need modification of the AuNP surface 
with specific ligands. After the development of these sensors, 
Zhang et al. developed a colorimetric NO, sensor using 
unmodified AuNPs, based on a specific diazo reaction between 
NO, and phenylenediamine.”° This method is not practical 
because the detection process is complicated and the detec- 
tion range is not broad. Chen et al. developed a colorimetric 
method for NO, detection based on etching of gold nanorods 
(AUNRs), which uses a new redox reaction detection strategy 
rather than the diazo reaction. The LOD for NO,” by the naked 
eye using this method, at 4.0 1M,” is lower than that using 
any other reported method. However, heating is necessary for 
the detection in this case, and an interfering ion (Fe*") may 
also limit the application of the method in naturally occurring 
samples. 

In this study, we developed an improved system based on 
a redox etching strategy of CTAB-stabilized Ag-Au core-shell 
nanoparticles (Ag@AuNPs) for NO, detection without 
heating. This system has a higher sensitivity (the LOD to the 
naked eye is 1.0 uM) and better selectivity (no interfering ion 
exists) than the previously reported methods. 


2. Experimental section 
2.1 Materials and apparatus 


Sodium nitrite (NaNO,), magnesium chloride (MgCl,), sodium 
nitrate (NaNO3) and sodium fluoride (NaF) were purchased 
from Aladdin Reagent Co., Ltd (Shanghai, China). Silver 
nitrate (AgNO3), trisodium citrate dehydrate (CgH;Na307- 
2H,0), sodium borohydride (NaBH,), chloroauric acid 
(HAuCl1,), cetyltrimethyl ammonium bromide (CTAB), hydroxyl- 
amine hydrochloride (NH,OH-HCIl) and other essential reagents 
were obtained from Sinopharm Chemical Reagent Co., Ltd 
(Beijing, China). All reagents were used as received without 
further purification. Glassware was washed using aqua regia 
(HCI-HNO; = 3 : 1 (v/v)), and then cleaned with Milli-Q water. 
Surface plasmon resonance (SPR) absorption data were 
recorded with an ultraviolet and visible spectrophotometer 
(UV-Vis, PERSEE T10CS). Transmission electron microscopy 
(TEM) images were acquired using a JEOL 2100 microscope 
operating at an accelerating voltage of 200 KV. X-ray photon 
spectrometry (XPS) was performed using an AXIS Ultra DLD 
instrument with Mg Ka radiation as the X-ray source. 


2.2 Synthesis of Ag@AuNPs 


Ag@AuNPs were synthesized according to the reported 
method, with modifications.** Typically, aqueous solutions of 
AgNO; (20 mM, 2.0 mL) and C.H;Na307:2H,0 (30 mM, 
6.0 mL) were mixed with 174 mL of Milli-Q water in a 300 mL 
beaker and stirred vigorously at room temperature. Then, 
2.0 mL of fresh NaBH, aqueous solution (100 mM) was added 
dropwise to the above mixture, with stirring. The reaction was 
kept for 2.0 h at room temperature (the color of the solution 


became pale yellow). Aqueous solutions of NH,OH-HCl 
(62.5 mM, 10 mL) and HAuCl, (5.0 mM, 10 mL) were then simul- 
taneously added (2.0 mL min™*) into the above system. The 
obtained mixture was stirred for another 45 min (during which 
time the color of the solution changed from light yellow to 
crimson). The obtained Ag@AuNP solutions were centrifuged at 
15 000g for 15 min and then resuspended in 100 mL of various 
concentrations of aqueous CTAB (from 5.0 to 100 mM). 


2.3 Sensing detection of NO,~ 


The colorimetric detection of NO, was carried out at room 
temperature. First, the pH values of the prepared dispersions 
of Ag@AuNPs were respectively adjusted to 1.0-1.5. Then, 
100 uL of different concentrations of NO, were respectively 
added into 900 pL of the Ag@AuNP dispersions, and the 
mixtures were shaken and stored at ambient conditions for 
1.0-30 min. Finally, the change in color and the corresponding 
UV-Vis absorption spectra were recorded. 


2.4 Selective detection of NO.~ 


To verify the selectivity of our proposed detection system based 
on Ag@AuNPs, other ions including Cu**, Co”, NI”, Cr”, 
A Pb”, ca, Ca”, Ba”, Zn”, Mn”*, Mg”, Fe**, Hg”*, Ag’, 
KÝ, F`, PO,*, C204”, S03”, CO3’, SO,”", NO3” and Ac” were 
also tested in a similar manner to that mentioned above. The 
concentration of each of the ions used in determining selecti- 
vity was 200 uM, except for NO,”, Fe** and Cu”, for which the 
concentration was 20 uM. 


2.5 Detection of NO, in commonly available sources 
of water 


Samples of tap water obtained from our institution and lake 
water collected from a pond in our institution were filtered 
through a 0.2 um membrane, and then spiked with standard 
NO,” stock solutions of various concentrations. The NO, was 
then detected using colorimetry and UV-Vis spectroscopy 
as mentioned above. 


3. Results and discussion 


3.1 Sensing strategy 


The design of our Ag@AuNP-based system for NO, detection 
is shown in Scheme 1. The standard redox potentials of 
AuBr, /Au and AuBr, /Au are 0.85 V and 0.93 V, respectively. 
However, the actual redox potential of HNO,/NO is approxi- 
mately 1.0 V for a pH of 1.3, which enables NO, to oxidize 
AuNPs to form AuBr, or AuBr, in the presence of CTAB. 
Moreover, it was reported that CTAB could be used to reduce 
the redox potentials of AuBr, /Au or AuCl, /Au to less than 
0.4 V due to the formation of AuBr, -CTA* complex.” There- 
fore, the redox etching of our CTAB-stabilized Ag@AuNPs is 
easily induced by NO, . We chose Ag@AuNPs rather than 
AUNRs because the Ag@AuNPs prepared by the galvanic reac- 
tion between gold and silver” can increase the color response 
when NO, is detected. Here, NO, could be directly detected 
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Scheme 1 Schematic illustration of the etching mechanism based on Ag@AuNPs. 
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Fig. 1 UV-Vis spectra of the Ag@AuNP dispersions in the presence of 
CTAB (100 mM) without NO (a) or Ag@AuNP dispersions incubated 
with 10.0 uM NOJ (b) for 15 min. The inset image corresponds to the 
colorimetric response. The pH value of the Ag@AuNP dispersions was 
maintained at 1.3. 


by visualizing the color change of the Ag@AuNP dispersion 
using the naked eye, with high sensitivity and excellent 
selectivity. 

This mechanism for detecting NO, , i.e., redox etching of 
Ag@AuNPs (Scheme 1), was verified by UV-Vis spectroscopy, 
TEM and XPS. Fig. 1 shows the UV-Vis spectra and photo- 
graphic images of the Ag@AuNP dispersions in the presence 
of CTAB (100 mM) with or without incubation with NO, . The 
pH value of the Ag@AuNP dispersions was controlled to be 
1.3. The Ag@AuNP dispersion was purple in color and had 
a UV-Vis absorption spectrum with a peak wavelength at 
536 nm. After being incubated with 10 uM of NO, for 15 min, 
the Ag@AuNP dispersion changed in color from purple to red. 
In addition, the peak wavelength shifted to 526 nm. The blue 
shift of the absorption peak may be attributed to the decrease 
of the nanoparticle sizes.?»7° 


Fig. 2 TEM images of the Ag@AuNPs without NO2~ incubation (a) and 
the Ag@AuNPs incubated with (b) 10.0 pM NOZ. 


Fig. 2 shows the corresponding TEM images of the 
Ag@AuNPs with or without incubation with NO, . Due to the 
galvanic reaction between gold and silver, the prepared 
Ag@AuNPs aggregated (Fig. 2a). After being incubated with 
10 pM of NO, for 15 min, the Ag@AuNPs became well dis- 
persed, and the particle size decreased (Fig. 2b). This result 
indicates that the Ag@AuNPs were etched by NO, under 
acidic conditions. 

To further verify the etching mechanism, XPS was used to 
characterize the binding energy of Au 4f, as shown in Fig. 3. 
Compared with the Au 4f XPS spectrum of Ag@AuNPs without 
NO, , that of the Ag@AuNPs incubated with 10 uM of NO, 
displayed an obvious shift, indicating that the chemical 
environment changed as a result of the leaching of the surface 
Au atoms. 

These results verify the above-mentioned mechanism for 
NO, detection, i.e., NO, can easily etch the Ag@AuNPs. 


3.2 Optimization of the experimental conditions 


The pH value of the Ag@AuNPs, the concentration of CTAB in 
the Ag@AuNPs and the incubation time of Ag@AuNPs and 
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Fig. 3 Au 4f of XPS spectra of the Ag@AuNPs without NO incubation 
(a) and of the Ag@AuNPs incubated with 10.0 M NO7 (b). 


NO, were optimized according to the sensing effect of our 
Ag@AuNP-based detection system for NO. . 

The redox reaction rate of AUNRs increases with decreasing 
pH.” However, the Ag@AuNP system is not stable when the 
PH value is lower than 1.0. Moreover, Fe** and Cu” can inter- 
fere with the NO, detection at pH 1.0 because they can also 
oxidize the Ag@AuNPs nanoparticles at pH 1.0 resulting in a 
color change (Fig. S1). Therefore, the pH value was fixed at 
1.3 for the subsequent experiments. 

The color of the Ag@AuNP dispersions in the presence of 
NO, changed stepwise from purple to red when the concen- 
tration of CTAB was increased from 5.0 to 100 mM (Fig. S2at). 
The color change (Fig. S2at) and the decrease of A/Ao 
(Fig. S2b+) with increasing CTAB concentration provided two 
supporting pieces of evidence confirming that the chemical 
etching process could be accelerated by CTAB, which reduces 
the electron potential of AuBr, /Au or AuCl, /Au to less 
than 0.4 V.” Considering the solubility of CTAB, its optimal 
concentration is fixed at 100 mM in the following study. 

Furthermore, the incubation time for Az@AuNPs and NO,” 
was also optimized. The value of A/Ay was plotted as a function 
of the incubation time (Fig. S3Ẹ) (A: the absorbance value at 
526 nm in the UV-Vis spectra of the Ag@AuNP-based detection 
systems incubated with NO; Ao: the absorbance value at 
536 nm in the UV-Vis spectra of Ag@AuNP-based detection 
systems without NO, incubation). Because the value of A/Ao 
was observed to decrease significantly within 15 min and then 
to remain constant thereafter, the incubation time was fixed at 
15 min as an optimized value for the subsequent study. 


3.3 Selectivity of the NO, detection system 


The selectivity of our proposed Ag@AuNP-based detection 
system for NO, was evaluated with the unaided eye and 
UV-Vis spectra by comparing the results with those obtained 
with samples containing other ions, including Cu’, Co”, 
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Fig. 4 Selectivity of the Ag@AuNP-based detection system for NO27 
compared with other ions. (a) Photograph of the detection systems 
incubated with NO77 (20 uM), Fe** (20 uM), Cu?* (20 uM) or other ions 
(200 uM); (b) UV-Vis absorption spectra of the detection systems incu- 
bated with NO. (20 pM), Fe** (20 uM), Cu? (20 uM) or other ions 
(200 pM). 


Hg”, Ag’, K’, F`, PO,*, C204”, SO;”, CO3”, S04”, NO3” 
and Ac’. Fig. 4a shows a photograph of the Ag@AuNP-based 
detection systems incubated with NO, in the presence of 
Fe?*, Cu" or other ions. Only the sample with NO,” changed 
from purple to red. As shown in Fig. 4b, NO, is also the only 
ion whose absorption peak shifted from 536 nm to 526 nm 
with an evident decrease of the absorption intensity. These 
results indicate that the Ag@AuNP etching process can only be 
induced by NO, . 

The selectivity of the Ag@AuNP-based detection system for 
NO, was also verified by investigating the influence of various 
other ions on the NO, -sensing effect. The color of the 
Ag@AuNP-based detection systems incubated with both NO,” 
(20 uM) and other single ions (20 pM) changed from purple to 
red, which is very similar to that produced in the absence of 
any other single ion (Fig. S4at). The UV-Vis absorption spectra 
of the detection systems incubated with 20 uM of NO,” and 
20 uM of other single ions shifted from 536 nm to 526 nm 
with an obvious decrease of the absorption intensity. These 
results are very similar to those of the detection system incu- 
bated with NO,” alone (Fig. S4b+), and thus demonstrate that 
these various other ions have no influence on the NO, 
sensing effect of our Ag@AuNP-based detection system. This 
detection system for NO,” clearly exhibits excellent selectivity. 
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Fig. 5 Photographic image of the Ag@AuNP-based detection system 
incubated with various concentrations of NO2 ranging from O to 
200 uM. 


3.4 Sensitivity of the NO,” detection system 


The colorimetric response and UV-Vis absorption spectra were 
used to evaluate the sensitivity of our Ag@AuNP-based NO,” 
detection system. Fig. 5 shows colorimetric images of this 
detection system after incubation with various concentrations 
of NO, from 0.1 to 200 uM. The detection systems changed 
from purple to colorless with increasing concentration of 
NO, , with a limit of detection (LOD) to the naked eye of 
1.0 uM, which is lower than the previously-reported value of 
4.0 pM.” Furthermore, compared with the reported AuNR- 
based detection system,” our Ag@AuNP-based detection 
system has two additional advantages: the detection process is 
simpler and is fast, without requiring heating, whereas 
heating is necessary for the previously-reported AuNR-based 
detection system; and the selectivity is excellent and lacks 
interference from other ions, whereas interference from Fe** 
doers occur for the previously-reported AuNR-based detection 
system. 

Fig. 6a shows the UV-Vis absorption spectra of the 
Ag@AuNP-based detection systems incubated with various 
concentrations of NO. As the concentration of NO, was 
increased from 0 to 100 uM, the UV-Vis absorption spectrum 
exhibited a blue-shift with a decrease of the absorption inten- 
sity due to the change in the morphology of the Ag@AuNPs 
induced by NO, . The LOD of our NO,” detection system was 


observed to be 0.1 uM by UV-Vis spectroscopy, which is com- 
parable to that of the AuNR-based detection system.”* The UV 
absorbance peak at 400 nm for AgNPs”° did not appear when 
the NO, concentration was increased (Fig. 6a). This may be 
because the Au shell was thickly and uniformly coated around 
the Ag core and could not have been etched thoroughly at the 
100 M maximum NO, concentration of this study. 

Fig. 6b shows a good linear relationship (R° = 0.9911) 
between A/A and NO, concentration in the range from 1.0 to 
20.0 uM (A: the absorbance value at 526 nm in the UV-Vis 
spectra of Ag@AuNP-based detection systems incubated with 
NO, ; Ag: the absorbance value at 536 nm in the UV-Vis 
spectra of Ag@AuNP-based detection systems without NO,” 
incubation). This relationship indicates that our detection 
system may be applied to the quantitative assay of NO, . 

Taken together, these results indicate that our Ag¢@AuNP- 
based detection system is applicable for rapid colorimetric 
detection of NO, , with excellent selectivity and high 
sensitivity. 


3.5 Analysis of common water samples 


To confirm that our NO, detection system could be used in 
practice, it was used to analyze tap water and lake water. As 
shown in Table 1, the amount of NO,” added to each of these 
water samples was very similar to the amount detected (by our 
detection system using UV-Vis spectroscopy), which indicates 
the feasibility and sensitivity of our NO, detection system. 
These results reinforce our proposal that this detection system 
can be used for the analysis of NO, in environmental 
samples. 


4. Conclusions 


In this study, we developed an improved NO, detection 
system based on a redox etching strategy using CTAB-stabilized 
Ag@AuNPs. The detection mechanism was verified by using 
UV-Vis spectroscopy, TEM and XPS. According to the sensing 
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(a) UV-Vis absorption spectra of the Ag@AUNP-based detection systems incubated with various concentrations of NO2. (b) Plot of A/Ao 


versus NOz° concentration in the range of 1.0—20.0 uM (mean + SD, n = 3). A: the absorbance value at 526 nm in the UV-Vis spectra of Ag@AUNP- 
based detection systems incubated with NO77; Ao: the absorbance value at 536 nm in the UV-Vis spectra of Ag@AUNP-based detection systems 


without incubation with NOJ. 
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Table 1 Determination of NOz in water samples (n = 3) 


Added* Detected? (uM) Recovery* 
Sample (uM) (mean + SD) (%) 
Tap water 5.0 5.41 + 0.12 108.2 
10.0 8.96 + 0.24 89.6 
Lake water 5.0 4.23 + 0.18 84.6 
10.0 7.56 + 0.11 75.6 


* Amount of NO,” added to samples of commonly-occurring sources of 
water. NO,” concentration in these water samples determined by our 
detection system using UV-Vis spectroscopy. ‘Calculated from the 
equation: (detected value with NO, addition - detected value without 
NO, addition)/added value. 


effect, the CTAB concentration, NO, incubation time and pH 
value of the detection system were optimized to be 100 mM, 
15 min and 1.3, respectively. Under the optimized conditions, 
the ability of our system to selectively detect NO, , whether 
with the unaided eye or using UV-Vis spectroscopy, is excellent 
compared to the ability to similarly detect other ions. In 
addition, our Ag@AuNP-based detection system is highly sen- 
sitive for NO, , whose LOD is 1.0 uM by eye and 0.1 uM by 
UV-Vis spectroscopy. A highly linear relationship (R? = 0.9911) 
was observed between A/Ay and NO, , from 1.0 uM to 20.0 M 
NO, , which can be used for a quantitative assaying of NO. . 
This detection system also exhibits satisfactory performance 
using samples of water from commonly-occurring sources. 
Consequently, these results reinforce the applicability of our 
Ag@AuNP-based detection system for the rapid colorimetric 
detection of NO,” in complicated environmental samples. 
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